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Abstract. A Bennett-type ion mass spectrometer and a cylindrical electrostatic probe were 
carried to 940 km above Wallops Island, Virgillia, a$ midday in October 1961. The raw data 
from each =sit (ks currents versus aliitudej are presented and are interpreted in terms of 
helium, hydrogen, oxygen, and total ion concentration. The He+ and H' concentrations derived 
from the ion mass spectrometer experiment were found to rise steeply above 350 km, He+ 
reaching a maximum vnllie crf ? ?( !03/sc st 575 km aiid H' iucreasing monotonically with alti- 
tude, ultimately reaching about 1.5 x 10s/cc near apogee. These data are used with the 0' 
concentrations derived from the electrostatic probe data to  calculate the atmospheric tempera- 
ure, the mean ion mass, and the total ion concentration &s functions of altitude. The tempera- 
ture of the upper F region was found to be 1235" f 40°K. The mean ion mass decreased from 
16 AMU at 400 km to 12 AMU at apogee where it was decreasing rapidly. The measured ion 
distributions and those Dredicted by the theories of hydrostatic diffusion and ion-atom 
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interchange are compared. 

Introduction. At 1740 GMT (1240 local 
time) on October 10, 1961, an Argo-D4 rocket 
(NASA 8.23) was launched eastward into the 
ionosphere above Wallops Island, Virginia, car- 
,tying a Bennett-type ion mass spectrometer 
and a cylindrical electrostatic probe to an alti- 
tude of 940 km and a range of 1200 km. The 
mass range of the spectrometer had been se- 
lected to permit optimum resolution of both 
hydrogen and helium ions which had been pos- 
tulated for the upper F region by Nicolet [196l] 
and have since been inferred from rocket and 
satellite measurements [Hanson, 1962; Bourdeau 
e t  al., 19623. The successful operation of the 
spectrometer permitted the first high resolution 
direct measurements of the H' and He+ concen- 
trations in the exosphere. The electrostatic 
probe was included in the payload to permit a 
measurement of the total ion density and the 

The equipment was placed aboard the vehicle 
as shown in Figure 1, the ion spectrometer look- 
ing forward during rocket ascent and the cylin- 
drical probe protruding from the side of the 
payload. In  flight, the rocket spun at a rate of 
1 rps about its longitudinal axis with a preces- 
sion cone half-angle less than 1". The spin axis, 
essentially in the plane of the trajectory, made 
an angle of 15" with the vertical. During the 
flight approximately 600 spectrums and 5000 
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4 electron temperature. 

probe volt-ampere characteristics were recorded. 
In  addition to the spectrometer and probe, 

an optical aspect sensor was included in the 
payload t o  permit determination of sensor orien- 
tation ; this information aided in the conversion 
of spectrometer currents to  ambient ion con- 
centrations. Ionosonde measurements were re- 
corded at Wallops Island throughout the flight 
to provide electron density data u p  to  the F, 
maximum. 

The  ion spectrometer. The Bennett radio- 
frequency spectrometer was similar in design to  
that flown at Wallops Island by Taylor and 
Brinton [1961]. However, the mass range and 
sensitivity were modified to permit unambigu- 
ous detection of ions in the mass range of 1-5 
AMU. The theory of operation of the spectrom- 
eter together with some of the technical details 
of this experiment has been presented previously 
[Taylor e t  al., 19621. Although the theory is not 
elaborated upon here, it  is important to consider 
several basic parameters of the measurement 
and their influence on the interpretation of the 
data. 

The basic relationship between resonant mass, 
tube geometry, and potentials applied to the 
spectrometer grids is given by the equation 

M = 0.266(1VA] 4- IV,I)/S2F2 (1) 
where A[ is the resonant mass, V A  is the instan- 
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taneous value of the negative sawtooth acceler- 
ating potential, V B  is a positive bias potential, 
S is the spacing between grids in the RF 
analyzer stages, and F is thc frequency of the 
RF potential applied to the analyzer sections. 
For this flight a three-stage, 5-3 cycle tube was 
used, with V B  = 20 volts dc, S = 0.75 cm, F = 
5 Mc/s, and V A  = 0 to -270 volts dc. This 
provided a mass range of approximately 1 to 5 
AMU with a resolution of 0.5 AMU. This spec- 
trum was analyzed at the sweep rate of VA, 
which was 1 cps. 

An important parameter not contained in 
(1) is the stopping potential Vs, which regu- 
lates the number of ions reaching the collector. 
In this process 8, controls the efficiency of the 
spectrometer and also determines the ratio of 
fundamental to harmonic ion content. The effec- 
tiveness of V s  is dependent on the energy gained 
by ions in traversing the spectrometer and is 
thus also dependent on energy that ambient ions 
may gain owing to the effects of external poten- 
tials and vehicle velocity. 

To  insure adequate cfficiency and sensitivity 
to harmonic ions, the V s  level was stepped auto- 
matically through an appropriate range of volt- 
age. The harmonic ions detected were analyzed 
by a technique similar t o  that developed by 
Johnson [1958] to confirm the identification of 
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Fig. 1. Locations of equipment on NASA 8.23. 
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ION SPECTRUM- NASA 8.23 
Fig. 2. A sample positive ion spectrum recorded 

near apogee on NASA 823 

the fundamental ions as 1 AMU and 4 AMU. 
Although there was some evidence in the data. 
of an apparent lowering of the effective value 
of Vs that has not as yet been accounted for in 
terms of measurcd experimental parameters, 
the relationships between fundamental and har- 
monic ions observed in the flight data agree 
favorably with both theoretical predictions and 
laboratory calibrations. 

A photograph of a segment of the flight data, 
recorded near apogee, is shown in Figure 2. 
Only two fundamental ion current peaks, H: 
and He+, were observed during the flight. The 
raw ion currents I ,  measured at the collector of 
the spectrometer during ascent are plotted in 
Figure 3. As is indicated by the error bars, the 
spread, or deviation, in the raw current data 
points is slight, as might be expected bccause 
of the high degree of aspect stability experi- 
enced during flight. 

Ion currents collected during descent when 
the spectrometer was exposed to the the wake 
of the payload are not presented. Although cer- 
tain parts of the descent data comparc favor- 
ably with the ascent data, the difficulties inher- 
ent in the interpretation of the wake effect 
preclude the inclusion of the descent data. 

Conversion of ion currents to densities re- 
quires the determination of over-all experi- 
mental sensitivity, which is a function of vehicle 
potential and velocity, plasma sheath configura- 
tion adjacent to  the orifice, spectrometer effi- 
ciency, and amplifier sensitivity. Both the 
limiting amplifier sensitivity and spectrometer 
efficiency were measured directly in the labora- 
tory. These measured values, together with the 
best estimates of the other effects, have been 
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Fig. 3. Helium and hydrogen ion currents de- 
tected by the ion m a s  spectrometer. 

cpmbined to determine a maximum sensitivity 
of approximately 10 ions/cc. The relationships 
of those parameters which were not subject to 
direct measurement, together with the resulting 
technique for determination of ion density, are 
discussed in detail in appendix 1. 

It is interesting to  consider what observations 
can be made from the H' and He+ current dis- 
tribution ciirves if a simplified conversion t o  
ion density is performed. The part of the trajec- 
tory where the perturbing influences of velocity 
and plasma sheath are most easily interpreted 
is at peak altitude. At that point the densities 
attributed to H' and He+ are estimated to be 
1.4 X 10" ions/cc and 3.2 x 10' ions/cc, respec- 
tively. Figure 4 is a plot of ascent density distri- 
butions obtained from the current distributions 
as discussed in appendix 1. Although the current 
curves are now plotted as densities, the distribu- 
tions remain identical to the current profiles of 
Figure 3, since no modifying functions have been 
applied to the original curves. 

As is discussed in appendix 1, it is believed 
that the most accurate conversion of collector 
current I ,  to the number densities n(H+) and 

n(He+) may ultimately require a simultaneous 
solution of the effects of velocity, sheath, and 
effective orifice area, which, to date, have yielded 
only to separate analyses. Although it is recog- 
nized that these unsolved relationships may 
modify the shape of the derived composition, it 
is believed that the attracting field of the orifice 
grid was the predominating influence, and that 
the measured current distributions closely repre- 
sent the ambient ion distributions. With these 
qualifications then, the H' and He+ concentra- 
i i u n  proiiies wiii be compared in later sections 
with the density data obtained by the electro- 
static probe. 

The electrostatic probe. The cylindrical 
probe used in this flight was nearly identical 
to one described by Spencer et al. [1962] which 
was carried as a secondary experiment on two 
flights of a series of ejected instrument packages 
launched into the F region. Figure 5 shows a 
block diagram of the measurement system em- 
ployed. The metallic payload mounting and in- 
strument housings acted collectively as a plasma 
reference electrode from which a sawtooth volt- 
age was applied to both the guard and collector 
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Fig. 4. Helium and hydrogen ion concentration 
profiles derived from the ion mass spectrometer 
currents shown in Figure 3. 
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Fig. 5. Block diagram of the electrostatic probe. 

elements of the probe sensor. Figure 6 is a pho- 
tograph of a one-second section of telemetry 
record showing a series of volt-ampere charac- 
teristics recorded a t  510 km during ascent. In  
the central part of the photograph, the iono- 
sphere measurements are interrupted by a brief 
period of inflight current-calibration during 
which the probe was electrically disconnected 
and a known resistance substituted into the 
measurement circuit. The resulting current wave 
form was used to calibrate the current channel. 
Diode limiting at the output of the detector 

was used to prevent negative currents from 
driving the telemetry out of band. At the left 
and right of the calibration wave forms, the, 
positive parts of a series of cylinder current 
characteristics are displayed. These represent 
the net current (Inet = I, + I., the sum of the 
ion and electron currents) that was collected as 
the applied voltage was swept through the range 
of +2 volts to -3 volts, pausing briefly a t  zero 
volts for purposes of reference. As is shown in 
the calibration, the sensitivity of this particular 
channel was selected to resolve only net positive 

. 

Fig. 6. Photograph of a segment of telemetry record showing electrostatic probe ion currents 
measured a t  510 km, and an inflight current calibration. 
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currents. Note that a t  zero applied voltage a 
net positive current flows to the probe (indicat- 
ing that the collector was being held more nega- 
tive than its equilibrium potential). As the 
applied voltage was swept negative, the ambi- 
ent electrons were entirely rejected and the 
probe current was due to positive ions alone. 
Conversely, for positive applied voltages the 
electron current quickly exceeded the ion cur- 
rent, thus driving the net current negative and 
out of the range of this detector. A second detec- 
tor, havmg the correct sensitivity to resolve the 
much larger electron currents, was to  be used 
periodically, but. a pmgmFaer  fai!ure pre- 
vented its use and permitted the ion current 
detector to operate full time. This improved 
the resolution of the ion current data but ham- 
pered the analysis of the current characteristics 
for electron temperature. 

Figure 7 shows a running mean of the maxi- 
mum ion currents (measured a t  maximum nega- 
tive voltage) recorded throughout the flight. The 
times of F, passage are evident in the current 
maximums a t  1743 and 1757 GMT on ascent 
and descent, respectively. It should be noted 
that these positive currents result not only from 
the collection of positive ions but include a 
small component due to photoemission, i.e. ejec- 
tion of electrons from the collecting surface as 
the result of solar extreme ultraviolet radiation 
and X-ray impingement. The photocurrent has 
been evaluated by means of the small jump- 
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discontinuity it produces in the current as the 
rocket spin carries the probe through the shadow 
of the payload structure. At apogee, where the 
total positive current had fallen to 8 x 10-e 
ampere, the photocurrent was found to  be 2 X 
IO-' ampere. This value is in acceptable agree- 
ment with rocket measurements of Hinteregger 
e t  al. [1959] of photoemission which, when 
translated t o  the geometry and area of the cylin- 
drical collector, correspond to a value of about 
X.5 x IO-' m p x e .  The decrease in soiar activ- 
ity since the time of Hinteregger's measurements 
accounts for the lower value of photocurrent 
observed. on this flight. This photocurrent was 
a constant but negligible factor over much of 
the altitude range covered (less than 1 per cent 
of the net positive current a t  the F, maximum) 
but became significant near apogee where it 
amounted to as much as 25 per cent of the 
measured positive current. The current data 
presented in Figure 7 have not been corrected 
for photocurrent; however, this correction was 
made before conversion to ion concentration. 

Conversion of the currents shown in Figure 
7 to the related total ion concentration, as dis- 
cussed in appendix 2, requires an assumption 
about the ion species present or an independent 
determination of it. Below 450 km 0' is the 
dominant F-region ion [Taylor and Brinton, 
19611. Above 450 km, however, the ion mass 
spectrometer data show that He+ and H' become 
important constituents. The higher mean veloci- 
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Fig. 7. Positive ion current to the electrostatic probe throughout the flight. 
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Fig. 8. Total ion concentration, nto, derived 
from the eIectrostatic probe currents by assuming 
oxygen ions only, and the oxygen ion concentra- 
tion, n(O+) ,  derived by extrapolating the nto meas- 
ured between 350 and 500 kilometers. 

ties of these light ions produce a greater positivr 
current to the probe than a like number of oxy- 
gen ions and, if not considered, will lead to a 
total ion concentration that is too high. AS s 
first approximation, however, it is instructive to 
assume that only 0' is present and t o  generate 
an 'upper limit' total concentration, n,,, from 
the ion current data. The resulting ion concen- 
tration profile is shown in Figure 8. The iono- 
sonde values of ne, which are believed most 
accurate, are shown for comparison. The agree- 
ment between ne and n,, near the F,  maximum 
tends to  demonstrate the accuracy of equation 
12 in appendix 2. 

It is presumed that the part of the profile 
below 450 km represents a hydrostatic distribu- 
tion of W, the onIy ion present in significant 
numbers. Thus, if thermal equilibrium is as- 
sumed, the observed scale height of 147 * 5 
km leads to  a temperature of 1235" * 40°K. 
An extension of the 0' distribution to higher 
altitudes can be carried out rigorously by means 

of the method outlined by Bauer [1962] and 
Hanson [1962]. For the values of n ( H )  and 
n( He+) observed by the spectrometer, however, 
n ( 0 )  is sufficiently predominant that a linear 
extrapolation with geometric altitude approxi- 
mates the hydrostatic distribution. This linear 
extrapolation of n(0') is shown as the dashed 
line in Figure 8. When we compare n ( O + )  and 
nro, the effect of the helium and hydrogen ions 
upon the probe current becomes evident just 
above 500 km and is seen to increase with alti- 
tude. 8 

Interpretation of the combined results. The 
helium and hydrogen ion concentrations can 
be combined with the oxygen ion concentration 
values to permit a check upon the consistency of 
the two sets of experimental data shown in Fig- 
ures 4 and 8. If we assume that no other ions 
are present, simple addition of the individual 
ion concentrations, n ( H ) ,  %(He+), and n ( O + ) ,  
provides the total ion concentration n,, shown 
in Figure 9. The same values can be used in 
equation 12 to adjust the upper limit total  con- 
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Fig. 9. Composite ion concentration profiles in- 
rluding total ion density, nn, obtained by adding 
n(H+), n(He+), and n(O'); and ntz derived by 
correction of nt. for the presence of the lighter ions. 
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centration, nlo, for the presence of helium and 
hydrogen ions. The resulting values of total 
concentration are labeled nr2 in Figure 9. Al- 
though nr, and nIp are not arrived at entirely 
independently, the agreement between them 
demonstrates a satisfying degree of consistency 
in the flight data from the two experiments. 
From the electrostatic probe data alone, we 
would postulate slightly greater concentrations 
of the light ions than is indicated by n ( H )  + 
n(He+) ; however, the agreement. hetween z,, 
and n,, is within the combined probable errors 
of the measurements and the extrapolation 
methcc! en&~i!  in obtaining n(O-j. 

The same parameters can be used with (2) 
to obtain a profile of the mean ion m a s  mi that 
existed in the ionosphere during this flight as 
shown in Figure 10. 

e 

4 

Note that the mean ion mass had decreased 
from 16 AMU below 400 km to 12 A M U  a t  
apogee and was decreasing rapidly there. 

Discussion and conclusions. Probably the 
. most significant result of these measurements is 

the detection of helium and hydrogen ions in 
. the upper F region in substantially the amounts 
predicted [Nicolet, 1961; Hanson, 1962; Bates 
and Patterson, 19621. However, the occurrence 
of a helium ion maximum a t  575 km is not in 
accord with ion diffusion theory [Mange, 1960; 
Bauer, 19621 which predicts that the helium 
maximum should occur somewhat above the 
transition level where it becomes the dominant 
ion. Both the theory and this experiment indi- 

m- 

900 - 
800 - 
700- 

600- 

500 - 
400 - 

12 13 14 15 16 

MEAN ION MASS (AMU) 

Fig. 10. Mean ion mass derived from n(H+), 
n(He+), and n(0')  values given in Figure 9. 

cate that the transition level occurs above 1000 
km for an ionosphere temperature of 1235°K. 
We do not interpret the difference between the 
experimental and theoretical helium distribu- 
tions as indicating an inadequacy in the diffu- 
sion theory, but regard this as evidence of sddi- 
tional geophysical effects that influenced the 
vertical distribution of ions a t  the time of 
this flight. For example, the geomagnetic field 
and field-aligned irregularities, when present, 
modify &e charged particie profiles to  various 
degrees, depending on the latitude and local 
ionospheric conditions. 

The temperature derived from the electro- 
static probe data is in agreement with the Harris 
and Priester [1962] model of gas temperature 
derived for similar local times and levels of 
solar activity. 

The altitude a t  which He+ was first detected, 
and the steep gradient immediately above, are 
in agreement with Hanson's [ 19621 predictions 
based on an ion-atom interchange process be- 
tween He+ and N,. Bates and Patterson have 
since shown that this process is more likely to 
involve 0, than N,. The comparison of n(He+) 
obtained from this flight with the distributions 
predicted by Bates and Patterson permits us 
to infer that the rate coefficient for the ion-atom 
interchange process lies between 3.7 x 10"' and 
2.0 x lo-'' cm*/sec. 

APPENDIX 1 

CONVERSION OF SPECTROMETER COLLECTOR 
CURRENT TO ION DENSITY 

The conversion of the spectrometer collector 
current to positive ion density involves param- 
eters that are effective inside the sensor as well 
as those that control the effective collection area 
associated with the sensor orifice. 

A laboratory calibration of the internal sensor 
parameters is performed to determine the rela- 
tionship 

I ,  = kl, (3) 
where the spectrometer efficiency k = CY+; a is 
the combined electrical transparency of the 
grids determined by measuring the attenuation 
of an ion beam in passing through a grid system; 
C#J is the current efficiency of the analyzer sys- 
tem obtained analytically, and I .  is the known 
ion input current measured at the spectrometer 
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orifice. Values of k determined from direct 
laboratory measurements of I ,  and I ,  are in 
agreement with theoretical predictions of over- 
all efficiency. This calibration, performed with 
a controlled beam of positive ions directed along 
the spectrometer axis, did not include the simu- 
lation of effects external to the orifice. 

The external effects influencing the collected 
currents were not subject to direct measure- 
ment. To a first-order approximation, the cur- 
rent to the orifice grid can be determined from 
the expression for a planar probe [Mott-Smith 
and Langmuir, 19261 : 

I ,  = n , e a A / 2 d G  (4) 

where n ,  is the ion density in ions per cubic 
centimeter, a is the most probable ion velocity, 
and A is the area of the orifice grid. In  flight, 
however, the quantity I ,  was influenced by two 
perturbing factors; first, the negative drawing- 
in potential E,, applied to the orifice grid to 
increase the over-all ion sensitivity; and second, 
the rocket velocity V ,  and angle of attack. These 
factors combined to  modify the input current 
flow, resulting in the relationship 

I ,  = (nxeaA/2&)f(&,  VJ ( 5 )  

Because of the orifice geometry and the resulting 
fringing field surrounding the orifice grid, we 
must consider the factors A and f(E., V , )  in 
( 5 )  together to evaluate the resultant effective 
collection area Aerr .  

Since the function f(E., V,) was not subject 
to direct measurement, the value of Aerr has 
been approximated a t  peak altitude, where the 
correction for velocity, aspect, and composition 
is believed to be most reliable. Because of the 
strong drawing-in field of the first grid (-10 
volts) and the relatively low velocity at peak 
altitude, the term f (  V , )  is dropped. An approxi- 
mation of !(E.)  based on a consideration of the 
orifice geometry and fringing field results in 
Aeff = 3A. 

The resulting expression for ion density a t  
peak is 

ni = 2 d ~ Z , / k e a A e f f  ( 6 )  

and by substituting k = 1.5 per cent, Aefr = 
25.6 square centimeters, together with appro- 
priate values of I ,  and a, we determined the 
quantities for n(H+) and n(He+) at peak. 

The energy gained by ambient hydrogen and 
helium ions because of the relative velocity of 
the vehicle is of the order of their thermal ener- 
gies, whereas the energy imparted to the ions 
by the drawing-in potential is approximately a 
factor of 100 times the thermal energy. It is 
assumed, therefore, that effects of vehicle veloc- 
ity on the collection of light ions, although not 
constant with altitude, are very small com- 
pared to the presumably constant effect of the 
drawing-in potential. On the basis of these as- 
sumptions, then, the ion density distributions of 
Figure 4 have been obtained by applying ( 6 )  
to the measured ion current distributions of 

. 
Figure 3. 6 

APPENDIX 2 

ELECTROSTATIC PROBE THEORY 
If the cylindrical collector were stationary at 

each point of measurement in the ionosphere, the 
ion currents recorded throughout the flight would 
be related in a well-known way to the ion number 
n,, mass m,, charge e, and temperature T,, as 
well as the area A and voltage V of the collec- 
tor. This relationship is expressed for a given 
ion species by Langmuir's equation for sta- 
tionary cylindrical probes [Mott-Smith and 
Langmuir, 19261. 

i,. = An,e(kTp/2?rrn,)'/* 

. ( 2 / d G ) ( 1  + e v/~T,)'/ '  (7) 

Since the term eV/kT,  is normally much greater 
than 1, equation 7 can be written 

i,. = An,e(2e V/?r2mp)1/' (8) 

If more than one ion species is present, the cur- 
rent due to each may be considered separately 
so that the total current is S 

i,. = Ae(2eV/?r2)'/* 1 n i l &  (9 )  

For a ternary mixture of hydrogen, helium, and 
oxygen ions such as that observed on this flight, 
( 9 )  becomes 
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I n  rocket application, however, the probe 
moves through the plasma at velocities com- 
parable to the mean ion velocities; therefore an 
additional flux of ions is intercepted or swept 
out by the collector. In  the limit of high veloc- 
ity, the collector sweeps out ion current propor- 
tional to the total number of ions present nrJ 
their charge e, the translational velocity of the 
probe W ,  and the area of the collector projected 
in the direction of motion A sin 6. Thus the ion 
current swept out is given by the equation 

* i,, = iiteWA sin 0 (1 1) 
where 0 is the angle between the probe axis and 
the velocity vector 

The total ion current to the collector can be 
viewed as the sum of the random current and 
the current that is swept out, as given by (12). 

b 

i, = i,. + zpw 

= A ~ [ ( L  ~/r*)”* n,/ 6 + n, w sin e] 
(12) 

This is an oversimplified description of the cur- 
rent collection process, since it assumes that the 
stationary current (equation 10) and the high- 

, velocity expression (equation 11) apply inde- 
pendently and therefore can be added. Further- 

,more, the degree of inaccuracy resulting from 
this assumption is variable, since it depends on 
both the vehicle velocity and the particular ion 
species present. For example, the rocket velocity 
in this flight was always less than the most prob- 
able hydrogen ion velocity but exceeded that of 
the oxygen ions through much of the altitude 
range. In  spite of this, considerable justification 
for its use, particularly at higher velocities, de- 
rives from the agreement evident between the 
resulting Fz-region ion concentrations and the 

I corresponding electron concentrations derived 
from the ionosonde records. In this region, i,, 

5 and ipw are comparable in magnitude. At higher 
altitudes, the velocity is less and (12) reduces 
to (10). 

The spinning motion of the rocket permits a 
simplification of the data analysis. Twice during 
each rotation, the rocket spin brings the collec- 
tor perpendicular to the velocity vector W .  At 

i 

i 

these orientations A sin 8 reduces in effect to A, 
and the full ion sweeping effect generates maxi- 
mums in the successive ion current characteris- 
t,ics that in turn permit this orientation to  be 
easily recognized. The values of ion current 
measured each time the collector assumed this 
orientation are shown in Figure 7. After correct- 
ing for photoemission, we used these currents 
with (12) to derive the total  ion concentration 
profile given in Figure 8. 
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